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SEALE, T W ,  K A ABLA, T H RODERICK, O M RENNERT AND J M CARNEY Dtfferent genes spectfy 
hyporesponstveness to setzures mduced by caffeine and the benzodtazepme reverse agomst, DMCM PHARMACOL 
BIOCHEM BEHAV 27(3) 451--456, 1987--Two strains of inbred mice differed stgmficantly m their susceptibility to 
tomc seizures reduced by caffeine and the benzodmzepme reverse agomst, methyl 6,7-dlmethoxy-4-ethyl-fl- 
carbohne-3-carboxylate (DMCM) The hyporesponslve strain, SWR, was not less susceptible to the convulsant action of 
other chemical convulsants, an observation wtuch md~cated that the response d~fferences between the strains were 
pharmacologically specific These observations and drug interaction studies suggested that caffeine-reduced seizures might 
be medmted through an "reverse" agomst-hke action of caffeine on benzodlazepme receptors assocmted with GABA 
receptor-benzodmzeplne receptor-chloride ionophore complex To determine whether the coincident alteration m suscep- 
tlbdlty to DMCM and caffeine resulted from a single mutational change or was the result of two different genetic changes 
occurring colncldentally between these two stratus of mice, progeny from conventional Mendehan crosses (F1, F2 and 
reciprocal backcrosses) were analyzed for the co-segregaUon of suscept~blhty to DMCM and caffeine The inheritance of 
DMCM sensmvlty was consistent with a single autosomal gene determinant m which the allele specifying increased 
responsweness was dominant to the allele determining hyporespons~veness The frequent occurrence of recombinant 
phenotypes (e g ,  caffeine hyporesponslve but DMCM sensmve mice) among Fe and backcross progeny established that 
different geneUc determinants encode DMCM susceptlbdlty and caffeine suscept~bdlty m these two strains of m~ce Thus, 
whde these data establish a s~mply mhented difference in benzodlazepme responsiveness between the two mouse strmns, 
they also indicate that th~s pmr of strmns ~s inappropriate for a genetic analysis aimed at probing the relationship between 
caffeine-induced setzures and the benzodmzeplne receptor 

Caffeine Benzodmzepme reverse agomst fl-Carbohnes Tonic seizures Behavior genetics Inbred mice 

I N C L U D E D  among the behaviora l  actions of  caffeine is the 
abdlty o f  high doses  of  this central  nervous  sys tem (CNS) 
s t imulant  to reduce seizures Al though this phenomenon  ~s 
not  well  unders tood  at the neurochemlca l  level ,  several  lines 
o f  ev idence  have  ~mphcated the dtrect act ion of  caffeine 
upon "cen t r a l  t y p e "  benzodmzep lne  receptors  [8, 9, 11, 15, 
20-22] The  benzodmzepme  recep tor -y-ammobutyr lc  acid 
(GABA) r ecep to r -ch londe  lonophore  complex  is known to 
exer t  a s~gnlficant inhibitory control  upon the ac t lwty  o f  
C N S  neurons [1,6] The  poten t  anUepdeptlc  act ion o f  ben- 
zodmzepmes  is corre la ted  with their  abdlty to bind to " c e n -  
tral t y p e "  benzodmzepme  receptors  associa ted w~th th~s 
complex  [1] Benzodmzepme  receptors  appear  to be umque  

m their  response  to ef fec tor  hgands In addit ion to agomsts  
(which induce direct  behaviora l  effects upon binding to the 
benzodmzepme  receptor)  and antagomsts  (which are w~thout 
a d~rect biological effect  but  compe te  with agonlsts  for brad- 
mg to these receptors) ,  a third class of  ef fec tor  hgands,  the 
reverse  agomsts ,  have been  identified [1, 2, 4, 12] These  
compounds  appear  to induce the opposi te  neurochem~cal 
and behavioral  effects  elicited by binding of  agomsts  to ben- 
zod lazepme receptors  [2,10] Ins tead of  exhlbmng the 
antlanx~ety and ant~convulsant acUons o f  benzod lazepme 
agomsts ,  reverse  agomsts ,  such as methyl  6,7-d~methoxy- 
4-ethyl-f l-carbollne-3-carboxylate (DMCM),  are anxlogemc 
and exhlbtt  p roconvulsan t  and convulsant  acUons [2, 10, 12, 

1Requests for repnnts should be addressed to Dr Thomas Scale, Department of Pediatrics, Room 2B-300 OCMH, University of Oklahoma 
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15] Caffeine may act at high doses as a benzodlazeplne m- 
verse agomst Methylxanthme shmulants such as caffeine 
and theophylhne competltwely inhibit [3H] dmzepam binding 
to brain benzodmzepme receptors m wtro [8,9] The most 
potent of the methylxanthlnes m displacing [3H] dmzepam is 
caffeme winch has an ICs0 value well within the range that is 
acinevable m wvo [8,9] Since caffeine has a significantly 
lower potency for displacing hgands winch brad to "periph- 
eral type" benzodmzeplne binding sites than it does for 
hgands winch brad to "central type" sites, tins interaction of 
caffeine with benzodlazepme binding sites appears to be 
receptor-specific [20] Benzodmzeplne agomsts inhibit 
caffeine-reduced seizures with a rank order of potency that 
parallels their affimtles for binding to "central type" sites in 
vitro Inosme, a punne winch may be an endogenous benzo- 
diazeplne hgand, also antagonizes caffeine-reduced seizures 
[9,21] Ro 15-1788, a "central type" benzodlazepme 
antagomst, blocks caffeine-reduced seizures [22] These ob- 
servations, taken together, have suggested that caffeine at 
Ingh doses acts in VlVO as a "central type" benzodmzeplne 
reverse agomst 

To better understand the genetic, pharmacological and 
neurochem~cal bases for variation m human behaworal re- 
sponsiveness to methylxanthmes [16] and other CNS stimu- 
lants, we have undertaken a systematic characterization of 
inherent variation m behavioral responsiveness to caffeine m 
a model mammalian system, the mbred mouse Varmnts with 
altered responsweness to the behavioral actions of both low 
and high doses of caffeine and other methylxanthmes have 
been identified previously [7, 14, 16] Both efficacy-hm~ted 
and potency-hm~ted alterations m behaworal responsiveness 
have been found [7, 14, 15] These differences in behavioral 
responsiveness to methylxanthme admmmtratlon do not ap- 
pear to result from alterations m the compartmentat~on or 
catabohsm of caffeme [3, 13, 14] Changes m caffeme re- 
sponsweness between mbred mouse stratus can be 
behawor-speclfiC, and, ff more than one behavioral re- 
sponse d~ffers between a pair of strains, each can be con- 
trolled by a d~fferent gene or set of genes [16-18] Two inbred 
mouse strains, SWR and CBA, d~ffer markedly m their sus- 
ceptibility to caffeine-reduced tomc seizures and death 
[15,16] This behaworal trait appears to be under control of a 
single Mendehan gene [17] Recently we proposed that tins 
well characterized difference m response to the convulsant 
action of caffeine m~ght prowde a genetic approach to 
elucidating the neurochem~cal mechamsm(s) underlying 
methylxanthme-mduced seizures [15,17] Further support 
for the mvolvement of"centra l  type" benzodmzepme recep- 
tors m caffeme-mduced seizures was drawn from our obser- 
vation that the difference m susceptlblhty to the convulsant 
action of caffeine between SWR and CBA m~ce was pharma- 
colog~cally-specLfic and that come,dent hyporesponslveness 
to caffeine-, and the benzodmzepme reverse agomst, 
DMCM, -reduced seizures occurred m the SWR strain [15] 
We now report the results of genetic analyses designed to 
determine whether a single gene mutation or changes m more 
than one gene encode the coincident alteraUon m suscept~- 
blhty to caffeine- and DMCM-mduced seizures which occurs 
m the SWR strata of inbred mice 

METHOD 

Animals  

Adult male mice of inbred strains CBA/J and SWR/J 
(Jackson Laboratory, Bar Harbor, ME) approximately 3 
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FIG 1 Susceptiblhty of SWR and CBA inbred m~ce to caffeine- and 
DMCM-mduced tomc convulsions and death The dosage dependent 
mduct~on of seizures occurs over a range of 5-15 mg/kg when 
DMCM is admtmstered The SWR strain is s~gnlficantly hypore- 
sponslve to the mducUon of seizures by DMCM compared to the 
CBA strata SIgmficantly higher doses of caffeine are required to 
induce seizures m both strmns (>150 mg/kg) SWR also is hypore- 
sponslve to the convulsant effect of caffeine Each point is the per- 
centage of mice (n= 10) seizing after administration of one of the two 
convulsants Caffeine [SWR (O), CBA (©)], DMCM [SWR (111), 
CBA ([])] *Indicates slgngicant difference between the two stratus 

months of age were housed m groups of 5 ammals per cage 
on a continuous 12 hour hght-dark cycle under constant 
hurmdity and temperature (19-21°C) The htter used was 
hardwood chips (Sam-chips, P J Murphy) Free access to a 
standard pellet food (Lab/Blox, Wayne) and water were 
given Throughout tins study we examined the effects of 
convulsants only on mate animals ConvenUonal genetic 
crosses were used because no recombinant inbred lines are 
available for this pair of inbred mouse strams Male F1 hy- 
bnd  progeny were obtained from reoprocal crosses of the 
two parental strams Male F2 progeny were obtained from 
crosses of F1 hybrid males and females Backcross progeny 
were obtained from crosses of F1 hybnd females to parental 
males of each strain Unless otherwise specified, ammals 
were drug naive and were used for only a single admlmstra- 
tlon of drug 

Convulsants  

Caffeme (Sigma Chemical Co ) solutions were freshly 
prepared in physiological saline containing 5 mM NaOH 
DMCM (Research Blochemlcals) was dxssolved m a 1 1 mix- 
ture by weight of dlmethylsulfoxlde (Fisher Sclentafic) and 
Emulphor (Emulphor EL-620, GAF Corp ) and then was di- 
luted with physiological sahne to g~ve a final vehicle com- 
position of 30% dlmethylsulfoxlde-Emulphor to 70% saline 
DMCM solutions were prepared Immediately before inJec- 
tion and administered in a volume of 0 1 ml/antmal 

Setzure Suscepttbdlty Testing 

Stress-potentsated death We previously developed a 
simple, quantitative method for stress potentmtlon of 
caffeine-induced tomc seizures and death [15] A swxm 
stress, acineved by gently placing mdlvldual animals m a 
large beaker of water, gwes reproducible results winch can 
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T A B L E  1 

PREDICTED AND OBSERVED SEGREGATION PATTERNS FOR DMCM SUSCEPTIBILITY IN CROSSES 
DERIVED FROM CBA AND SWR INBRED MICE 

Ongm of Stratus Expected Expected Observed Phenotype 
or Progeny Genotype(s) Phenotype Percentage Survivors 

Parental Stratus 
CBA dmcTdmc  ~ sensitive 0% (0/20) 
S W R  dmcr/dmc r resistant 100% (29/30) 

F1 hybrids 
CBA × SWR dmc~/dmc ~ all sensitive or 0% (0/10) 
SWR × CBA dmc~/dmc ~ all resistant 0% (0/10) 

Backcrosses 
Fa × S W R  1 drncS/dmc ~ 50% sensitive 56% (28/50) 

1 dmc"/dmc ~ 50% resistant 

F1 × CBA 1 dmcTdmc r 100% sensitive 0% (20/20) 
1 dmc ' /dmc  ~ 

F~ (selfed FI cross) 
CBSWFt × CBSWF~ 1 dmcqdrnc s 75% sensitive 32% (23/72) 

2 dmcS/dmc r 25% resistant 
1 dmc~/dmc r 

The numbers in parentheses are the observed number of surviving ammals &wded by the total number 
of animals tested Screening for sensmwty to DMCM-mduced tonic convulsmns was carried out at a dose 
of 7 5 mg/kg IP dmc  designates the gene encoding relative susceptibility to DMCM, wtth 2 alleles, (r) 
resistant, and (s) susceptible 

be quan taa ted  in terms of  t ime of  onset  and f requency  of  
tonic seizures and death  Twen ty  minutes  after caffeine ad- 
numstrat lon,  mice were  subjected to a swlmmmg stress by 
placing individual animals m a 2 li ter beaker  containing water  
at 25°C Unt rea ted  o r  non-responding animals swim act ively 
for  >2  mln and do not  have  tonic seizures or  die Inact ive  
animals float Induc tmn of  tonic seizures and death occur  in 
<2  mm of  responding strains such as C B A  Ammals  appear  
to die o f  respi ra tory  arrest  fol lowing tonic seizures,  not  
drowning An Individual test  is scored  as posi t ive when sei- 
zures  and death  occurs  m <2  mln 

T o m c  s e t z u r e s  i n d u c t e d  by  D M C M  Tonic  seizures and 
death,  scored according to the behaviora l  descnp t ion  of  
Sey fned  [19], were  de te rmined  for 30 minutes  fo l lowmg m- 
t raper l toneal  adnumstra t lon  o f  D M C M  Because  o f  the diur- 
nal and tempera ture  effects  known to modula te  convulsant  
sensmvi ty ,  exper iments  were  conduc ted  be tween  0900 and 
1600 hours  at 19--21°C Dosing and strains were  s taggered so 
as to avoid  compl ica t ions  brought  about  by strata differences 
m diurnal rhy thm The occur rence  of  a tonic seizure was 
scored as posi t ive  when  all four  legs of  an animal were  
rapidly ex tended  to the rear  Respi ra tory  arrest  and death  
usual ly but  not  always fol lowed the occur rence  o f  a tonic 
seizure All compar isons  o f  dose dependen t  responses  be- 
tween the S W R  or  C B A  stratus or  their  F1 d e n v a a v e s  were  
made  direct ly  by s imultaneously ln lectmg both strains with 
the same drug solut ion 

S t a t t s t w a l  T e s t i n g  

Compar i son  of  the behaviora l  responses  o f  mchvldual 

mouse  strains to var ious doses  o f  the convulsants  was made 
by the F isher  Exac t  Method  [5] The  Chi-square  method  was 
used to compare  the f requencies  o f  behavioral  classes ob- 
served in backcross  and F2 progeny to those expec ted  for 
var ious hypothet ica l  models  A value of  p < 0  05 was taken as 
statlsUcally significant 

RESULTS AND DISCUSSION 

S u s c e p t t b t h t y  o f  S W R  a n d  C B A  I n b r e d  M t c e  to  L e t h a l  
S e t z u r e s  I n d u c e d  by  C a f f e m e  a n d  D M C M  

The relat ive suscept lbl lmes of  S W R  and CBA inbred mice 
to tonic seizure reduct ion by caffeine and D M C M  are shown 
respectively m Fig 1 Stress-potentiated seizures were  used 
to assess  the relat ive respons iveness  o f  the two stratus of  
mice to caffeine because  we found that  this behaviora l  assay 
more reproduclbly  identifies s~gnLficant differences m re- 
sponse to caffeine be tween  these  strains [16] C B A  mice are 
significantly more  responsive  to caffeine-reduced tonic sei- 
zures  at doses  170 mg/kg IP A dose of  187 mg/kg IP induced 
100% tonic setzures and death m C B A  but less than 5% of  
S W R  mice tonical ly seize and die at this dose  (p<0  001) 
This dose of  caffeine was chosen  as the screening dose for 
the cross  analyses  to mvestagate the genetic  determinants  of  
suscepUbill ty to caffeine and D M C M  

We found that CBA mice also are more susceptible to 
the convulant  act ion o f  D M C M  than are S W R  mice Previ- 
ously we showed  that  this difference in convulsant  sensmv-  
lty be tween  the two strains o f  m~ce was pharmacological ly  
specific [15] Other  convulsants ,  such as p lc ro toxmm or  
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strychnine, were equally potent in their ablhty to reduce 
tomc seizures in the two strains of mice The CDs0 dose for 
DMCM-lnduced tonic seizures is about 2-fold higher m SWR 
mice than in CBA mice Doses of 6 mg/kg IP readily dlstm- 
gmsh the seizure susceptlblhty of the two strains We chose 
a DMCM dose of 7 5 mg/kg IP which maximizes the differ- 
ence m responsiveness between the two stratus (p<0 001) as 
the screening dose to be used in the genehc analyses of cross 
progeny 

Evidence That the Difference m Susceptlbdtty to the 
Convulsant Action o f  D M C M  Between S W R  and CBA Mtce 
Is a Single Gene Effect 

To determine whether the relative susceptmblhty to 
DMCM-lnduced seizures was controlled in a simple Mende- 
lian manner, we characterized the convulsant response of 
162 male progeny mice from five different conventional ge- 
netic crosses involvmg the SWR strain, the CBA strain and 
their hybnd derivatives These data are summarized in Table 
1 The simplest testable hypothesis to explain the inherent 
alteration in DMCM sensmvity is that a pair of homozygous 
alleles differs at a single gene locus between the SWR and 
CBA inbred strains This hypothesis is illustrated m Table 1 
Sensitivity to DMCM in the CBA strain is symbolized by 
homozygosis of the sensitive allele, s, at a genetic locus 
(dm~) determining susceptmbdlty to this convulsant Simi- 
larly, resistance to DMCM-mduced convulsions is sym- 
bohzed by the r allele which is homozygous at the dm~ locus 
in the SWR strain In such an hypothesis, F1 hybrid male 
progeny from reciprocal crosses are expected to be 
heterozygous if the dmc gene is autosomal The phenotype 
of these F1 progeny would depend upon the dominance rela- 
tionship of the r and s alleles Our results indicate that all 
male progeny from both reciprocal crosses were sensitive to 
DMCM-induced tomc seizures, l e ,  susceptibdlty to 
DMCM, rather than resistance, is dominant The dm~ 
gene(s) appears to be located on an autosome rather than on 
a sex chromosome Males derived from reciprocal F1 crosses 
ought to resemble their mothers In phenotype (l e ,  the male 
progeny from the two crosses would have different sen- 
Sltlvaies to DMCM-mduced convulsions) if the dmc gene 
were located on their maternally-derived X chromosome 
Since no differences m DMCM susceptlbdlty between 
progeny of the two Fa crosses were noted, the genetic 
determinants for the difference m convulsant responsiveness 
must reside on an autosome 

When F~ progeny ammals were backcrossed to each of 
their parents, two different results were observed (Table 1) 
If SWR mice are considered to be homozygous resistant 
(dmcr/dmcg, two genotypes are expected among the 
progeny of the cross of F1 X SWR mlce----dmcs/dmc ~ and 
dmc~/dmc ~ Since these genotypes are expected to occur 
with equal frequencies, the phenotyplc ratio among the 
progeny of this cross should be one DMCM sensalve to one 
DMCM resistant In contrast, when F~ mice are crossed to 
their CBA parent, all progeny are expected to carry a dmc ~ 
allele, and, thus, to be relatively more susceptible to 
DMCM-lnduced seizures (Table 1) When 70 male mice from 
these reciprocal backcrosses were analyzed, their 
phenotyplc ratios closely approximated these expectations 
Both DMCM resistant and DMCM sensawe progeny were 
observed m the backcross of F~ mice to SWR Twenty-eight 
of 50 progeny mice from this cross (56%) were resistant to 
DMCM-mduced tonic seizures This frequency of DMCM 

resistant progeny is not significantly different from the ex- 
pected frequency based upon the segregation of a single pair 
of alleles (X2=0 72, p > 0  3) No such DMCM resistant mice 
(0 of 20) were found among the progeny of the backcross of 
F1 mice to the CBA strain Results from both of these 
backcrosses suggest a smgle gene &fference accounts for the 
difference in DMCM susceptlblhty between the CBA and 
SWR strains of mice 

Another way to test whether relative susceptlblhty to 
DMCM-lnduced tonic seizures is due to the difference in a 
single pair of alleles is by examining the progeny which result 
from self-crossing of Fa male progeny to FI female progeny 
Table 1 identifies the expected genotypes and phenotypes 
based upon a single gene model for determination of DMCM 
sensitivity Genotyplcally, one-fourth of the progeny are ex- 
pected to be homozygous sensmve, one-half heterozygous 
for sensitivity and one-fourth homozygous resistant We 
found 23 of 72 Fz progeny mice (32%) were resistant This 
ratio is not significantly different from the predicted ratio 
(X 2= 1 85, p = 0  2) Since the phenotype of the Fa progeny 
established that heterozygotes are sensitive to DMCM, the 
ratio of phenotypes among the Fz progeny is expected to be 3 
DMCM sensitive to 1 DMCM resistant These data further 
support the hypothesis that the difference m relative suscep- 
tJbihty to DMCM-induced seizures between CBA and SWR 
inbred mice is determined by a single pair of alleles 

Evidence That Different Genes Encode Relattve 
Su~c epttbdlty to DMCM- and Caffeme-lnduced Tomc 
Seizures in S W R  and CBA Mice 

Previously we have shown that the inherent alteration In 
susceptibility to the convulsant effects of caffeine m the SWR 
and CBA strains is due to a single gene difference between 
them [17] Because of the data from other laboratones and 
ours [8, 9, 11, 15, 20-22] implicating brain "central type" 
benzodlazeplne receptors in the convulsant action of caf- 
feine, we conjectured that the coincident hyporesponslve- 
ness of the SWR strain to both caffeine and DMCM might 
arise from a single mutational event which alters the function 
or number of these receptors [15] In this model, tugh dos- 
ages of caffeine were envisioned to act like a benzodlazepmne 
inverse agonist with properties similar to those ofDMCM A 
genetic test of this single gene hypothesis is to determine if 
susceptibilities to caffeine- and DMCM-induced seizures 
co-segregate m progeny from genetic crosses I fa  single gene 
alteration causes the coincident change in susceptibditles to 
both caffeine and DMCM, only parental phenotyplc re- 
sponses to the two convulsants (hyporesponslveness to both 
or sensitivity to both) are expected among cross progeny, 
i e ,  responsiveness to the two convulsants co-segregates 
(Table 2) However, if altered susceptlbdltles to the two 
convulsants are due to mutaUons m two separate genes, then 
in addition to the parental phenotyptc classes, geneUc re- 
combination should produce new, non-parental recombinant 
genotypes and phentoypes m cross progeny (1 e ,  mice which 
are hyporesponsive to one of the convulsants but resistant to 
the other) (Table 2) 

Two genetic crosses provide a test of these alternative 
hypotheses--the backcross of the F1 hybrid to SWR and the 
selfed cross of the F1 hybnds to produce the F2 generation 
Because sensitivity to both convulsants Is dominant to re- 
sistance, the backcross of F~ mice to their CBA progemtor 
will not be Informative A way to invahdate the co-segrega- 
tion hypothesis is to identify caffeine senslt~ve progeny 
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T A B L E  2 

PREDICTED AND OBSERVED ASSORTMENT PATTERNS FOR SUSCEPTIBILITY TO DMCM AND CAFFEINE IN CROSSES DERIVED FROM 
CBA AND SWR INBRED MICE 

Charactenstm Single Gene Model Two Gene Model 

Observed Phenotype 
Percentage 

Survivors of 
Caffeine Treatment 

Among DMCM 
Insensmve Progeny 

Cross of 
Parents 

Genotype of 
Parents 

Progeny 
Genotypes 

Progeny 
Phenotypes 

F~ × SWR 

dmcVdmc r x dmc"/dmc ~ 

1 dmcS/dmc r 1 dmcr/dmc r 

1 resistant to both caffeine and DMCM 
1 sensmve to both caffeme and DMCM 

F~ x SWR 

dmc~/dmc~,caff/caff × dmc"/dmc~caf f /caf f  

1 dmcVdmcr,  cafl /caff  1 dmc"/dmcLcaf f /caf f  
1 dmc~/dmcLcaff /caf f  1 dmcr/dmcr, caf f /caf f  

1 sensmve to both caffeine and DMCM 
! resistant to DMCM, sensmve to caffeine 
1 sensitive to DMCM, resistant to caffeine 
1 resistant to both DMCM and caffeine 

86% (25/29) 

Cross of F~ × F1 
Parents 

Genotype of dmcS/dmc r × dmc ' /dmc r 
Parents 

Progeny 1 dmc*/dmc ' 2 dmcVdmc r 
Genotypes 1 dmc"/dmc ~ 

Ft × F1 

dmc~/dmc",caff/caff × dmcS/dmc~,caff/caff 

1 dmc2/dmc~,cafl/caff 2 dmcS/dmcS, caff /caff  
1 dmc'/dmcS, caf f /caf f  2 dmc~/dmc ~,cafl/cafl 
4 dmcVdmcr,  cafl /caff  2 dmcS/dmc~,caff/caff 
1 dmcr/dmcr, caff/caff 2 dmc"/dmc4,caff/caff  
1 dmcr/dmc",caf f /caf f  

Progeny 3 sensmve to both DMCM and caffeine 9 sensitive to both DMCM and caffeine 60% (26/43) 
Phenotypes 1 resistant to both DMCM and caffeine 3 sensitive to DMCM, resistant to caffeine 

3 resistant to DMCM, sensitive to caffeine 
1 resistant to both DMCM and caffeme 

The numbers m parentheses are the observed number of surwvmg ammals &wded by the total number of animals tested Screening for 
sensmvtty to caffeme-mduced semures (187 mg/kg IP) and death among survivors of DMCM admmlstratmn In the single gene model, the 
susceptibility allele, s, determmes sensmwty to either caffeine or DMCM In the two gene model, one gene, dmc,  specifies susceptibility to 
DMCM, and a second gene, c a f  specifies susceptlblhty to caffeine 

among those progeny mice which failed to have tonic sei- 
zures  fol lowing D M C M  admlmstra t lon  Limitat ion o f  the 
supply o f  progeny from these crosses  precluded the assess-  
ment  o f  the f requency  of  occur rence  o f  the reciprocal  re- 
combinant  class,  D M C M  sensmvl ty  in caffeine resis tant  
mice When  D M C M  resis tant  p rogeny from the cross  of  FI 
hybnds  to their  S W R  parent  were  examined  for their  sus- 
ceptlbihty to caffeine-reduced semures,  animals sensi t ive to 
caffeine were  f requent ly  obse rved  Of  29 D M C M  resis tant  
p rogeny examined  from this cross ,  4 (14%) were  found to be 
caffeine sensi t ive These  recombmants  were  not  mistakenly 
classified because  a subgroup of  these  D M C M  insensi t ive 
nuce were  re tes ted  for  D M C M  suscepUblhty and found to be 
resistant  to a second D M C M  chal lenge before  caffeine ad- 
ministrat ion Similarly,  ten rmce were  re tes ted  for  caffeine 
sensi twlty  and, on the second test ,  all still showed caffeine 
resis tance A m o n g  43 D M C M  resistant  mice tested f rom the 
F2 generat ion,  17 (40%) were  sensi t ive to caffeine- induced 
convuls ions  and death (Table 2) The  identif ication o f  a sig- 
nificant number  of  animals with r ecombman t  phenotypes  

among the progeny of  these two crosses  clearly establishes 
that different  genes respect ive ly  encode  susceptibili ty to caf- 
feine and D M C M  H o w e v e r ,  the f requency  of  occur rence  o f  
the recombinant  classes that we observed  differs sigmfi- 
cantly from the value expec ted  for  random assor tment  o f  the 
two genes Fo r  example ,  m progeny of  the Fz generat ion,  
three-fourths  o f  the D M C M  resis tant  animals are expec ted  to 
be caffeine sensi t ive and one-fourth  of  the mice are expec ted  
to be caffeine resis tant  We found that only 40% (17 of  43) o f  
these  progeny m~ce were  caffeine sensit ive,  a slgmficant  de- 
parture from the expected ratio (X2=27 48, p < < 0  001) Tins 
excess  in the f requency of  a parental  phenotyplc  class 
suggests that the two individual genes determining caffeine 
and D M C M  susceptibil i ty do not  assort  independent ly  but  
are genet ical ly l inked on the same ch romosome  Analysis  of  
a much  larger number  of  animals than was available for the 
current  s tudy is necessary  to conf i rm this hnkage relation- 
ship and to determine  the map dis tance be tween  the two 
genes 

The uneqmvoca l  exper imenta l  support  for the involve-  
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m e n t  of  two di f ferent  genes  encod ing  d i f fe rences  m suscep-  
Ublhty to caffe ine a n d  D M C M  e s t a b h s h e s  tha t  the  hyposen -  
Smvlty of  S W R  mice  to these  two c o n v u l s a n t s  is gene t ica l ly  
co inc identa l ,  no t  a c o m o d e n t  p h e n o t y p l c  change  resu l t ing  
f rom a single muta t iona l  even t  Th~s in VlVO f inding does  not  
necessa r i ly  o b v m t e  the  c o n c e p t  tha t  ca f fe ine- induced  sei- 
zures  are m e d m t e d  t h r ough  a d i rec t  ac t ion  on  the  ben-  
z o d l a z e p m e  r e c e p t o r  [8, 9, 20-22] The  da ta  do e s t a b h s h  tha t  
the  co inc iden t ,  p h a n n a c o l o g l c a l l y - s p e o f i c  d i f ference in con-  
vu l san t  r e s p o n s i v e n e s s  in th is  pa i r  of  inb red  m o u s e  s t r ams  
does  no t  p r o w d e  a d i rec t  gene t ic  t es t  of  the  hypo thes i s  
H o w e v e r ,  ou r  genet ic  analys is  p r o w d e s  ev idence  for  the  
ex i s t ence  of  genet ica l ly  con t ro l l ed  c o m p o n e n t s  of  suscept l -  
bdl ty  to t he se  two  convu l s an t s  wh ich  can  be  muta t lona l ly  
a l te red  in a specif ic  m a n n e r  I n t n n s l c  suscept~bd~ty to tonic  
se izures  r educed  by  caffe ine can  be  modif ied  w i t hou t  slgmfi- 
cant ly  affect ing suscept ib i l i ty  to tonic  se izures  i nduced  by  a 
b e n z o d m z e p m e  reverse  agoms t  (and  vice versa) 

The  p r e s e n t  da ta  desc r ibe  the  f irst  single gene  mu ta t i on  
wh ich  a l ters  r e s p o n s i v e n e s s  to a b e n z o d m z e p m e  reverse  
agoms t  A l t h o u g h  var ia t ion  m b e h a v i o r a l  r e s p o n s i v e n e s s  to 
b e n z o d m z e p m e s  can  occu r  b e c a u s e  o f  a l te red  m e t a b o h s m  or  

.~ b~od~stnbuUon [12], p r e h m m a r y  e x p e r i m e n t s  (Scale,  unpub-  

h s h e d  resul ts)  sugges t  tha t  such  a m e c h a m s m  does  no t  
under l ie  the  a l te red  r e s p o n s i v e n e s s  to D M C M  found  be-  
t w e e n  C B A  and  S W R  mice  Cent ra l  n e r v o u s  sys tem-spec i f ic  
mu ta t i ons  leading to a l t e ra t ions  m b e n z o d m z e p m e  r e c e p t o r  
n u m b e r ,  func t ion  and  c o u p h n g  to the  G A B A  recep tor -  
c h l o n d e  l o n o p h o r e  complex  ho ld  cons ide rab le  in te res t  for  
the  analys~s of  the  role o f  this  r e c e p t o r  and  its e n d o g e n o u s  
hgand(s )  m the  mtnns~c  con t ro l  o f  b e h a w o r  and  behav io ra l  
r e s p o n s i v e n e s s  to exogenous ly  admin i s t e r ed  pharmaco log i -  
cal agents  
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